Abstract: Many studies demonstrated the coexistence of subaqueous permafrost and gas hydrate. Subaqueous permafrost could be a factor affecting the formation/dissociation of gas hydrate. Here, we propose a simple empirical approach that allows estimating the steady-state conditions for gas hydrate stability in the presence of subaqueous permafrost. This approach was derived for pressure, temperature, and salinity conditions typical of subaqueous permafrost in marine (brine) and lacustrine (freshwater) environments.
Introduction
Gas hydrate is a naturally occurring "ice-like" material of water molecules containing gas that forms at high pressure and low temperature, and it is present worldwide in permafrost regions (e.g., References [1, 2] ) and in marine sediments of outer continental margins [3] [4] [5] , as well as beneath ice sheets [6, 7] . Methane hydrates make up to 80% of the total inventory of gas hydrates [8] . This locked methane could be a potential future energy resource, and field experiments suggest that it may be produced with existing conventional oil and gas production technology [9] [10] [11] [12] [13] . At present, ocean warming-induced hydrate dissociation may be occurring in permafrost regions and in shallow marine sediments in polar continental margins (e.g., References [5, 14, 15] ), as well as in ice sheets that stored methane in hydrate form during the last glaciation [6, 7] . A significant release of methane from dissociated gas hydrate could create a positive feedback loop of warming [16, 17] , as suggested for past hyperthermal events such as the Paleocene Eocene Thermal Maximum (e.g., Reference [18] ).
Permafrost is defined as the ground that remains at or below 0 • C for more than two years; its extent reaches about 20% of the land of the Earth [1] . Over half of Canada and Russia, most of Alaska, and northeast China are underlain by permafrost. Climate is one of the main drivers for permafrost distribution [1] ; note that heat flow within permafrost is mainly due to conduction, because most of the pore fluid is in a solid state even if the presence of unfrozen fluid affects mass redistribution with temperature and pressure changes. A way to indirectly understand if the permafrost constitutes fully frozen bearing sediments, i.e., not unfrozen fluid, is to determine if the temperature remains almost constant with depth. The thickness of permafrost is mainly controlled by the geothermal heat flow and by the lithology [1] . As reported by several authors, gas hydrate can exist below permafrost, but also within it (Reference [19] and references therein), due to the temperature and pressure conditions favorable to its stability sustained by the presence of permafrost (e.g., References [20, 21] ).
If the surface temperature increases due to climate change, gas hydrate could dissociate, releasing large quantities of methane into the atmosphere [8] . In addition, during warm periods, the sea taliks formed [27] . Data from the Qalluuraq Lake indicate a very high concentration of methane in the seepage gas, which could be related to hydrate dissociation [47, 48] . Here, we propose a simple empirical approach that allows assessing, under steady-state conditions, if hydrate below SAP could be stable for different thermodynamic conditions typical of SAP in shallow waters both in marine and lacustrine environments. To our knowledge, this is the first empirical method that allows a quick look and easy initial estimation of the conditions sufficient to have the stability of hydrate below SAP in absence of direct geological or geophysical data.
Materials and Methods
We evaluated the sufficient conditions to have hydrate stability below the bottom of the SAP under steady-state conditions (Figure 1 ). We numerically estimated the intersection between the hydrate stability curve and the temperature profile versus pressure below sea level in order to obtain the pressure at the GHSZ base. We used the following input parameters: (i) water depths ranging from 50 to 150 m, (ii) SAP thickness from 0 to 500 m, (iii) saturation of ice in the SAP from 80 to 100%, (iv) SAP temperature of −1, −1.5, or −2 • C, (v) geothermal gradient (GG) from 20 to 40 • C/km, and (vi) water salinity of 0 (freshwater) or 3.5 wt.% (brine). These parameter ranges are based on the literature where SAP was identified [22, [29] [30] [31] [32] . Portnov et al. [44] reported the presence of SAP in shallow waters at about 20 m in the South Kara Sea shelf, but SAP is discontinuous for water depths greater than about 60 m [29] . In the absence of SAP, hydrate is stable in the Arctic Ocean for water depths greater than 250 m [22, [49] [50] [51] . Romanovskii et al. [29] reported a maximum SAP thickness of about 700 m, even if other authors considered a maximum permafrost thickness up to 500 m [31] . We considered a range of geothermal gradients, which span the variability in thermal structure reported globally in SAP sediments (e.g., References [29, 32, 52] ). We imposed an annual mean SAP temperature from −1 • C to −2 • C (e.g., References [22, 53] ), which needs to be at or below zero to allow the formation of ice in the lacustrine and marine permafrost zones, respectively [22] . The pore water was assumed to be freshwater and brine to model the lacustrine and marine environments, respectively. The saturation of ice-bearing permafrost, which indicates the thickness of ice-bearing permafrost with respect to the total thickness of SAP, was introduced to model the discontinuity of the SAP [5] . We assumed a minimum ice-bearing SAP saturation of 80% because this is the minimum amount of ice necessary to reach a stable permafrost system [31] . For example, if the SAP is assumed equal to 100 m and composed of 80 m of fully frozen bearing sediments and 20 m of unfrozen fluid-bearing sediments, it means that there is 80% ice saturation. Note that we assumed the thickness of the active layer (ground zone that freezes and thaws each year) to be much thinner than the thickness of perennial permafrost and, thus, the active layer was not modeled. Regarding gas composition, most parts of the Arctic permafrost are composed of pure methane (e.g., References [4, 29, 51, 54] ), although other gases such as CO 2 could also be present at the base of the permafrost driven by vertical fluid flow from deep sources.
We evaluated the hydrate stability by using Moridis et al.'s [55] stability boundary for pure methane hydrate. This is a conservative assumption, because the base of methane HSZ is shallower compared to that of hydrate formed by a mixture of different type of gases. Moridis's [55] stability boundary is defined for pure water; therefore, we applied Dickens and Quinby-Hunt's [56] relationship to account for a water salinity of 3.5% weight total (wt.%) of sodium chloride. For the conversion, we assume a pure water fusion temperature of 273.2 K, a pure water fusion enthalpy of 6008 J·mol −1 , an enthalpy of hydrate dissociation of 54,200 J·mol −1 , six water molecules in the hydrate formula (CH 4 ·6H 2 O), and Blangden's law [57] to calculate the fusion temperature of water in an electrolyte solution of 3.5 wt.% salinity. For Blangden's law, we assumed a water cryoscopic constant of 1853 K·g·mol −1 and a sodium chloride van't Hoff factor of 2. In permafrost regions, the correlation between pressure and depth is affected by poor data on pressure regime (e.g., Reference [2] ). However, some authors underlined that hydrostatic pressures should not be used in permafrost environments because most pores are filled with ice, likely generating a pore pressures above the hydrostatic (e.g., Reference [58] ). In this case, the depth of the base of the GHSZ would be deeper than in the hydrostatic case [59] . Based on these considerations, we assumed the following pressure formulation modified after Liu et al. [2] :
where P is the pore pressure below SAP at the depth H below seabed, P SAP is the pore pressure at the base of the SAP with a thickness H SAP , P a is the atmospheric pressure, P w is the hydrostatic pressure of the water column above sediments (z w ), ρ w is the water density (1046 kg/m 3 , e.g., References [50, 59] ), ρ s is the bulk sediment density of the fully frozen SAP assumed as 2200 kg/m 3 , g is the gravitational acceleration constant (9.81 m/s 2 ), and S ice is the saturation of ice-bearing SAP.
To model the temperature versus depth profile, we propose the following formula:
where T is the temperature at the depth H below seabed, T SAP is the SAP temperature, and GG is the geothermal gradient. To model the heat flow in the SAP due to the presence of unfrozen water that allows fluid circulation, we included the term ∆T SAP that is the temperature increase in the SAP due to the coexistence of fully frozen and unfrozen fluid-bearing sediments, as given by the parameter S ice . Equation (2) was verified by using well data (4D12 and 4D13) in the East Siberian Arctic shelf (e.g., Reference [60] ); the temperature increase from top to bottom of the SAP, evaluated using Equation (2), is in agreement with the temperature measurements. The hydrate stability curve was compared with the temperature/pressure curve to estimate the depth of the base of the GHSZ for the marine (brine) and lacustrine (freshwater) environments. Figure 1 shows the influence of the controlling parameters (geothermal gradient, SAP temperature, water depth, and saturation of ice-bearing SAP) in the thickness of the GHSZ for SAP in a marine environment. Figure 2 shows the pressure at the base of the GHSZ versus the pressure at the base of SAP for different combinations of the controlling parameters for both marine and lacustrine environments. To easily evaluate the stability of the gas hydrate below the SAP and the depth of its base, we fit the curves in Figure 2 using the following relationship:
where P SAP is the pressure at the base of SAP (see Equation (1)), and P GHSZ is the pressure at the base of the GHSZ, which is given by the intersection of the hydrate stability curve with the temperature/pressure curve of sediments. The parameters a1, a2, and a3 are reported in Tables 1 and 2 for the cases of freshwater and brine, respectively. The expression reported in Equation (3) was the function that better reproduced the theoretical curves (i.e., minimum standard deviation) and simplified the estimation of the hydrate stability thickness below SAP. The fitting was performed by using our codes and the open-source software XMGRACE.
a b d c Figure 2 . P GHSZ versus P SAP for freshwater and brine cases. In each panel, one parameter is changed, while the others are fixed. 
Results
The curves in Figure 2 summarize the results of our empirical approach. As can be observed in Tables 1 and 2 , the parameter a3 is generally low, indicating a linear relationship between the pressure at the base of SAP and the pressure at the base of the GHSZ. Comparing the results obtained in the freshwater and brine cases, we deduced that a1 was higher for the freshwater case. This trend is clearly observed in Figure 2 , in which the intercepts of the freshwater cases were higher. On the other hand, the parameter a2 had an opposite trend, as observed by the highest slopes of the curves related to brine (Figure 2) .
Regarding the correlation of a1 and a2 with the other variables, they showed an opposite trend. We noted that (i) a1/a2 increased/decreased if SAP temperature decreased; (ii) a1/a2 decreased/increased if GG increased; (iii) a1/a2 increased/decreased if water depth increased; (iv) a1/a2 increased/decreased if the saturation of ice-bearing SAP decreased.
The ranges of pressures at the base of SAP (P SAP ) and GHSZ (P GHSZ ) are reported for freshwater and brine in Tables 1 and 2 , respectively. Figure 1 shows that the range of P SAP in the freshwater case was smaller than that in the brine case; on the contrary, the range of P GHSZ in the brine case was smaller than that in the freshwater case. Regarding the pressure dependence with GG, T SAP , z w , and S ice , the minimum P SAP at which the hydrate was stable was independent of GG, while it increased if T SAP or z w increased and if S ice decreased. The maximum P SAP was independent of both GG and T SAP , while it increased if water depth increased. The minimum and maximum P GHSZ increased if (i) GG or T SAP decreased, or (ii) z w or S ice increased.
Conclusions
In this paper, we proposed an empirical approach that considers the dominant physical parameters controlling the stability of hydrate under steady-state conditions in SAP environments. It is a simple method that can be easily and reliably applied to assess if the sufficient conditions to have hydrate stability below SAP are satisfied. Because of the growing interest in SAP environments, this approach is particularly useful in SAP areas with environmental conditions that hinder the acquisition of data, to allow an initial and quick estimation of the thickness of the gas hydrate stability zone. 
